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SUMMARY

The results of an analytical and experimentel Investigetion of the
steady-~state and dynamlc characteristics of three types of throttle-
controlled fuel systems are presented. The three systems are (1) a
throttle with regulated upstream pressure, (2) a throttle plus bypass
differential-pressure regulator, and {3) a throttle plus reducing-valve
differential -pregsure regulstor with regulated supply pressure. Per-
formance and sgtebility criteris based on a linearized analysis are pre-
sented for the three systems.

Experimental data for the three systems show (1) the effect of out-
put pressure on the controlled flow, SZ) the response of output flow to
step changes in throttle area, and (3 the response of output flow to a
sinusoidael variation in throttle area.

The experimentsl results show that linearized analysis provides an
adequate description of the dynamic response. Of the three systems
tested, the reducing-valve system showed the closest agreement with lin-
earized analysis and responded to the highest frequencies. The response
of this system was adequate to 150 cycles per second and usable to 300
cycles per second.

INTRODUCTION

Experimental research on aubometic control of gas-turbine engines
requires methods of control of engine fuel flow that provide essentially
linear flow response to input signals over a frequency band extending
from zero to approximately 50 cycles per second. This report presents
the results of an investigation into the basic characteristics of three
valve-controlled systems that may be utilized for this p ose. The
three systems are (1) a throttle {valve) with a regulategr§constant) up-
stream pressure, (2) a throttle with a regulated (constant) pressure dif-
ferential (bypass-type regulator), and (3) a throttle with a regulated
pressure differential {reducing-valve regulator).
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These three systems of flow control are widely known and have long
been applied in other fields. However, in the present application for
ges~-turbine engines, the requirement of an adequaste flow response at &
S0-cycle-per-second input signel makes it necessary to consider dynamic
effects not often encountered in previous applications. An anslysis was
therefore mede of the factors affecting the response of the three systems
at such relatively high input-signal frequencies. This analysis is an
extension of the analysis made in reference 1.

This report presents an analysis of the steady-state and dynamic
characteristics of the three systems. The principal figure of merit
used in the analysis is related to the effect of output pressure on the
contreolled flow. This figure of merit, which is expressed as the ratio
of the change in output pressure to the resulting change in output flow,
is called the output-flow impedance.

Systems that exhibit the highest values of output-flow impedance
yield the most linear response of flow to throttle area. Expressions
are derived that gilve the output-flow impedance in terms of the physi-
cal dimensions of the systems. The analysis also ylelds s stabllity
criterion and the characteristic time constant for overdamped systems.

Measurements of the outpub-flow impedasnce and of the transient and
frequency response of the three systems are presented along with the

enalytically determined frequency responses. The investigation was con-
ducted at the NACA Lewls laboratory.

SYMBOLS

The following symbols are used in this report:

A area, 8gq in.

B £luid bulk modulus, ib/sq in. o

D dimensional constant in orifice equation, sq in. /sec-\ﬁ.? _
K spring constant, lb/in.

M mess, (1b)(sec?)/in.

P pressure, lbjsq_ in.

Py pressure difference across throttle, lb/ g8q in.

Q flow, cu in./sec
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v condult volume, cu in.
W width of wvalve port, in.
b 4 sxlal position of piston and valve element, in.
5] damping ratio

T time constant, sec
Subscripts:

C combustion chamber

c compressibility

d drain

G pump

o output

P piston

r regulated

8 supply

t throttle

v control vaelve

DESCRIPTION AND ANALYSIS OF SYSTEMS

In this section three systems will be discussed: (1) a throttle
with a regulated upstream pressure, (2) a throttle plus relief-valve
differential -pressure reguletor, and (5) a throttle plus reducing-valve
differential-pressure regulator with regulated supply pressure. The
three systems will be exsmined with respect to theilr ablillty to main-
tain their output flow as & functlon only of the throttle setting
(independent of varistions in the output pressure). This constant-flow
characteristic corresponds in electrical analogy to a generator with
high internsl resistence or, for the a-c case, high internal impedance.
Because the internal impedance is most often measured by verying the
external loading, it has become common practice to call it the output
impedsnce. The output impedance for the flow-control systems is herein
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defined s the ratio of the change in output pressure to the change in
output flow APO/AQO. The frequency band over which the output impedance

can be maintained at its zero-frequency value is indicated by the fre-
quency band over which the response of oubput flow to throttle variations
can be maintained.

Throttle System .

Degcription of system. - A general arrangement of a throttle-control
system with a regulated supply pressure feeding an engine fuel system 18
shown in figure 1(a). In the figure a common method of cbtaining the
regulated supply pressure is shown. This system consists of a positive
displacement pump, a spring-loaded relief valve, and an accumulator. The
pressure-flow characteristics of this system are shown in figure l(b).
The droop shown in the supply pressure (fig. 1(b)) is typical of that
obtained from regulators such as the one shown in figure 1(a). The
nozzle-gystem pressure ghown 1s typical of & class of engine nozzle
systems.

Zero-frequency output edence. - The equation for output impedance
for this system is (see appendix for derivation of this and subsequent
equations)

AP, _ 2(Py - Pyl

=, % (2]

In view of the characteristic pressure variations shown in figure 1(b),
equation (2) shows that the output impedance decreases as the system
flow increases. Increased flow is obtained at increased throttle posi-
tions (increased throttle areas). Thus, output impedsnce 1s decreased
as the throttle ares is increased. This effect is shown in figure 1(c),
where lines of constant throttle position are plotted on the pressure-
flow plane. The slope of a constant-throttle-position curve at any
point is the output impedance at that point. Equation (1)(appendix)
indicates that a given value of output impedance can be obtailned by
maintaining the supply pressure sufficiently above the output pressure.

Dynamic characteristics. - If the compressibility and mass of the
fluid in the system are not considered, the output flow is equal to the
flow through the throttle at all throttle-variation frequencies. There-
fore, if the supply pressure ls maintained constant at all throttle-
varistion frequencies, the output impedance is independent of the
throttle-variation frequency. However, in the practicel case compress-
ibility of the fluid in the conduit between the throttle and the systenm
discharge orifice (engine nozzle system) ceuses a lag in the response of
output flow to a change in throttle position. This effect manifests
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itself as a reduction of output impedance at high frequencies. The
equation for the characteristic time constant that defines this effect
is

(ap,)
(20,) %7
- (P, - BplB

(75)

Te

It is apparent from equastion (75) that high-performence. systems
(chara.cterized. by high values of zero-frequency output impedance APQ/AQ,O
and small values of time comstent <) can be obtained only with smell
values of the conduit volume V and high values of the supply pressure
P_.

8

Bypass System

Description of system. - A general arrangement of a throttle with
a bypass regulstor, which controls the pressure difference across the
throttle by diversion of the excess flow back to the pump inlet, is
shown in figure Z(a.). The action of the regulator is such that the up-
stream throttle pressure (pump discharge pressure) is equal to the sum
of the outpubt pressure and the spring bias. Consequently, the pressure
drop across the throttle is the spring blas. These characteristics are
shown graphically in figure 2(b), which illustrates the variation of
pressures within the gystem with output flow.

Zero-frequency output impedance. - The equation for the oubtput-flow
impedance of this system is
o}

0P, APAD(R + Py - Pd)5/2

M, KQo(8g - Qo)

For a given regulstor with fixed design parameters, the lmpedance varies
with output pressure P, and flow Q- The denominator has a maximum
velue of Qg = Qz/2 and is equal to zero at Q, =-O and Q, = Q3. The
numerator is dependent on P,, which increases with Qg. Thus the numer-
ator increases spproximately as Q,g Thege effects are shown gresphi-
cally in figure 2(c) , where lines of constant throttle position are

(19)

Pﬁzw
plotted on the pressure-flow plane. The term 7 is the design

parameter of the regulator. It is possible to design the regulator so
that this term becomes large enough to maske the variations of impedance
with Py, and Q, of no practical significance. The limitation on the
maximum velue of this term is discussed in the following section.
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Dynemic characteristics. - If the bypass area could at every instant
have a value such that the pressure drop across the throttle were con-
stant regardless of the rapidity of throttle movement, the response of
throttle flow to throttle position would be instantaneous. However, the
area of the bypass valve is adjusted by & piston which, 1n moving in
response to pressure changes, pumps & flow from one side of the throttle
to the other. This effect causes a lag in the response of oubput flow
to a change in throttle position and a lag in correcting the output flow
for a disturbance in output pressure. The latter effect manifests itself
ag a reduction of oubtput impedance at high frequencies. If the mass of
the piston and velve 1s smsll, the response of valve movement to pressure
can be described by a first-order system. Such a system is completely
described by a time constant. When the piston and velve have appreciable
mass, the response is approximately second order. The significance of
the piston and valve mags on the response of the system can be evaluated
by examination of the damping ratio of the system.

The equations for time constant and damping ratio, respectively, of
this system are : '

r:DW(P +‘:E P)S[Z l:PO+Pt-Pd+(PO-PC)(%—G-J)] (62)
o} t T *d °©

=

(59)
2MwD[ Qo (Pe - Py) + Qa(P + Py - Pg)

ApsPt(Po + B, - Pd)lfz

An examinstion of equation (59) indicetes that the relation of damping
ratio to pressure and flow is quite complex. It does not appear prac-~
tical to utilize the damping ratioc in the usual design sense for second
order systems (i.e., & = 0.7), because the system 1s not regular enough
to rely on resonance for improving the system response. In order to
extend the usable amplitude response of a first-order system to a fre-
quency corresponding to the useble amplitude response of & 0.7 damped
second-order system, it 1is necessary to deslgn a system on the basis of
a smaller value of time constant (eq. (62)) and a sufficiently high
value of damping ratio to ensure & substantislly first-order response.
Examination of equations (62) and (59) shows that this condition can
only be achleved through the use of very light-weight velve elements.

3
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Equastion (62) shows that small values of time constant are obtained
through the combination of smell values of piston ares A.p s large valve

widths w, lsrge throttle pressure drops Pt , and high output pressures

Py It should also be noted that the independent varisble, pump flow
Qq, affects the time constant. In order to keep the time constent small,

the pump should not be any larger than necessary to supply the maximum
desaired output flow.

The preceding anslysis does not take into account the effect of
£luid compressibility in the condult between the throttle and the system
discharge orifice. However, in most installations the connecting-line
geonetry is of such complex nature that, when a compressibility effect of
significant megnitude exists, there is little interaction with the motion
of the bypass valve. The compressibility effect then appears as a lag
In series wilth the lag Introduced by the bypass valve. If the compress-
ibility effect-is of significant magnitude, the effect will be apparent
at frequencies below the bresk frequency determined by equation (s2).
Below this frequency the output impedance of the bypass system is essen-
tially infinite, and the time constant of the conduit is determined by
the filuld compressibility and the flow resistance of the discharge ori-
fice of the system. The equation for thils time constant is

2v{P, - Pg)
TC = ——:-';QTO—-— (77)

Fluid compressibility in the conduit between the pump and the bypass
line reduceg the damping effect introduced by the constant-flow pump.
The pump should therefore be located as close as possible to the bypass
valve, and the conduit should be short and rigid.

Reducing-Valve System

Description of system. - A general arrangement of a throttle with
a reducing-valve regulstor that controls the pressure difference across
the throttle by reducing the pressure to the throttle is shown in figure
3(a). The action of the regulator is such that the upstream throttle
pressure is egqual to the sum of the oubtput pressure and the spring bias.
Consequently, the pressure drop across the throttle is the spring bias.
The difference between upstream throttle pressure and supply pressure
is the drop across the reducing valve. These characteristics are shown
graphically in figure 3(b), which illustrates the variation of pressures
within the system with output flow.

Zero-frequency output impedance. - The equation for the output-flow
impedance of this system is
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AP, 4P AWD(P, - Py - Po)3/2
Ry KQZ

(12)

For a given regulator with fixéd design parameters, the output impedance
varieg with output pressure P, and flow Q.. It mey be seen from
equation (.‘LZ) that the impedance reduces repidly as the oubtput pressure
P, approaches (P, - P.). It should be noted, however, that the imped-
ance does not become zero but becomes equal to the equivalent throttle
impedance curve at the point at which the reducing valve reaches ite
limiting area. These effects are shown graphically in figure 3(c),
where lines of constent throttle position are plotted on the pressure-
flow plane. The impedance may be maintained at a sufficiently high
value by setting the supply pressure Pg at a high value relative to

Pté:Ew
the output pressure Po' The term e is the design parameter of

the regulstor. Although the impedance may be ralsed by proper choice
of values for this term, the range of values is limited by dymamic con-
siderations as shown in the following section.

Dynamic characteristics. - In the case of the reducing-valve sgystem,
the pumping-action and mass effects of the piston and valve are similar
to the effects described in relation to the bypass system. The equations
for the time constant and damping ratio, respectively, of this system are

.- AP(PS - Py - Pg)

43)
57z (
Dw(p, - P, - P_)
and - N
1+ ..._:Eg.-_P_c___
P, - Pt - P
5 = ] t o (40)

ZMwDQO{PS - Bg)

AP (Py - Py - Po)l[Z

The discussion concerning the relation of the damping ratio to the re-
sponse of the bypass system also applies to this system. Thus, high-
performance systems require the uge of light-welght piston and valve
parts. The effect of pistom area A, and velve width w on the time
constant 1s the same ag that for the bypass type; however, in the case
of the reducing-valve system the throttle pressure drop and output pres-
gure have the opposite effect. Equation (43) indicates that the time
constant is reduced by setting the supply pressure Py as high as
possible.
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The effect of fluld compressibility in the conduit between the
throttle and the system discharge orifice is the same as the effect
described in the case of the bypass system. However, in the case of
the reducing-valve system the requirement of a relatively close pump
location is eliminated because of the use of & regulated supply pres-
sure which entails the use of an accumilator. This accumilator should
be located as nesr the reducing valve as possible and should have g
short connecting line with as large a diameter as practicable to mini-
mize the inductive effect hetween the accumuilator and valve.

PHYSICAL CONSTANTS OF SYSTEMS

Data were obtained on systems conforming to the schematics of fig-
ures 2 and 3. The physical constants of these systems were as follows:

L T T
w, in, .« e e e s . e A6
X, 1b/in. . -1
M gbypass type), (Ib)(secz)é c et e e e e e e e v . . .1l98%0-6
M (reducing type), (1b)(sec )/:Ln. e e e e e e e e e . .210%10°6
PC, Ib/sq in. . . . . . A o
Py I6/8Q 40, « 4 o o 0 v i i it e e e e e e .. B0
P Ib/8Q 0. v 4 4 v vt 4 e e e e e e e e et e e« Oto 300
P, Ibfsqdn. . . o . .o oo o v e s e s e e e s s .. 80O
L - £ [o
QG, cu in./sec T =
cu in./sec ¢+ 4« o 4 & & & 8 o 2 4 e 8 4 s & s s s s a e s o« 0tosO

The value of D for the fluld used was approximastely 100 sgq in./sec+/Ib.
The viscosity of the fluld waes 1 centipoilse.

PROCEDURE AND INSTRUMENTATION

The two functions of interest in the determination of the dynamics
of these units were the transfer functions of throttle position to in-
put signal end fuel flow to throttle position. The throttle was posi-
tioned by an electrohydraulic servomotor responding to an inpub voltage.
The servomotor system conslisted of a commercial electrically operated
servovalve, a plston integral with the throttle sheft, and a differential-
transformer throttle-position pickup.

The frequency response of the throttle servomotor system is shown
in figure 4. Up to an amplitude of 0.025 inch {or 10 percent of max.
stroke), the response can be maintained level to 100 cycles per second
by adjustment of the input-voltage amplitude. A% maximum smplitude
(0.25 in. or 100 percent of max. stroke), the response can be maintained
level to 35 cycles per second.
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The throttle position was meagured by the differential-transformer
displacement pickup incorporated in the servomobor system which used a
5000-cycle-per-second carrier. With this carrier frequency, the fre-
quency response of the displacement pickup 1s flat to over 500 cycles
per second. ' '

Changes in flow were indicated by measuring the pressure difference
across an orilfice at the outlet of the control. Becauge the orifice dis-
charged into atmospheric pressure, only the pressure upstream of the
orifice P, was measured. Thus, the response of output flow Q, to
throttle position becomes a function of the response of output pressure
Po to throttle position.

The pressure pickup used was a flush-diaphragm type, which was
mounted with the diaphragm in the flowlng stream to avoid any line ef-
fects. The response of thils unit extends to 1000 cycles per second.

The voltages resulting from the position and pressure pickups were ob-
served and recorded together with input voltage on a cathode-ray oscil-
loscope and an oscillograph. The frequency response of the oscillograph
extends to 300 cycles per second.

The steady-state measurements of output flow as a function of out-
put pressure at constant throttle positions were made by varying the
output restriction. The resulting pressure and flow varilations were
meagured with pressure geges and rotameters. Multiple units were used
so that the maximum instrument error was +3 percent. A photograph of
the fuel-control unit and assoclated test components is shown in

figure 5.

Frequency-response runs from 1 to 100 cycles per second were made
at a number of steady-state fuel-flow levels and f£low amplitudes. Tran-
slent responses were also observed at a number of steady-state fuel flows
and step amplitudes.

RESULTS AND DISCUSSION
Throttle System

The transient response, the frequency response, and the pressure-
flow characteristics of the throttle system are shown in figure 6. A
typical response of pressure (flow) to throttle position is shown in
figure 6(a). The recording does not show any perceptible lag between
pressure and throttle position. The frequency response of the throttle
system is shown in figure 6Cb). These data show an atbenuation at high
frequenciles substantially as predicted by the analysis of the compress-
1bility effect. The average break frequency is about 80 cycles per
second. The theoretical break frequency, calculated by means of

3613
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equation (75), corresponds to the 80-cycle-per-second value for a bulk
modulus of 100,000 pounds per square inch. This valuegof bulk modulus
is about half the value usually found in liquids of thé type used; how-
ever, the lower value is possible in view of the probability that en=
trained air and vapor are released by the high throttle pressure drop.
The dats also indicate a resomance in the system at a frequency beyond
300 cycles per second. This resonance appears to be caused by the in-
ductive effect of the fluid at the throat of the discharge orifice in
combination with compressibility of the fluid between the throttle and
the discharge orifice.

The slope of & constant-throttle-position line in figure G(c) is the
output impedance of the throttle system at that point and illustrates the
reason why a throttle system is unsatisfactory in systems where the noz-
zle output pressure i1s subject to variations. At a flow of 6000 pounds
per hour and & menifold pressure of 300 pounds per square inch, a change
in nozzle output pressure of 1 pound per square inch will cause a flow
change of sbout 10 pounds per hour. This gystem is also subject to flow
changes with inlet pressure variations.

Bypass System

The transient response, frequency response, and pressure-~-flow char-~
acteristics of the bypass system are shown in figure 7. The respounse of
pressure (flow) to throttle position shown in figure 7{a) for a particu-
lar value of steady-state flow and transient amplitude is typical of
the transient response for a wide reange of steady-state flows and tran-
sient amplitudes. The frequency response of the bypass control shown in
figure 7(b) for a number of steady-state flows and amplitudes indicates
a range of break frequencies of about 25 to 30 cycles per second. This
compares with a theoretical range of first-order break frequencies of
60 to 230 cycles per second.

The steady-state output impedance is indicated in figure 7(c). The
values of impedance involved are too high to maske any quantitative com~
parison with calculsted values. A comparison of figures 7(c) and 6(c)
shows that the bypass conbtrol system has an output impedance sbout 100
times &s high as the throttle system at the higher flows. The impedance
falls off in direct proportion to the reduction of amplitude ratio with
frequency (fig. 7(b)).

Reducing-Valve System
The transient response, frequency response, and pressure-flow char-

acteristics of the reducing-valve system are shown in figure 8. The
regponse of pressure (flow) to throttle position shown in figure 8(a)
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for a particular value of steady-state flow and transient amplitude is
typical of the traigient response for a wide range of steady-state flows
and trensient amplitudes. The freguency response shown in figure 8(b)
for a number of steady-state flows and amplitudes indicates break fre-
quencies of about 150 cycles per second end significant output amplitude
at 300 cycles per second. This response is in close agreement with the
values indicated by the linearized anelysis. The phase shift shows
more than a 45° lag at 150 cycles per second. This situation might be
expected because the calculated values of damping retio glve values of
approximately unity. The Indication of steady-state output Impedance is
shown in figure 8(c). For all practical purposes the slope of these
curves in .the usable range is infinite.

CONCLUDING REMARKS

The addition of a differential-pressure-regulating valve element
to a throttle system results in & system in which the output flow is
essentially independent of output pressure (high output im@edance) and,
is a function only of throttle position. By the use of light-weight
and properly sized valve elements, these charascteristics can be main-
tained for output-pressure-veriation or throttle-varistion frequencies
as high as 100 cycles per second.

The differential-pressure-regulating velve masy be either the bypass
or reducing-valve type. The selection of the type of regulstion will
depend on the system in which i1t is installed. The bypass system has
the advantage of acting as the relief valve for the system. It has the
digadvaentage of requiring a relatively close location of the pump to the
control unit and to the system in order to keep the stray capacitance in
the system low end preserve the response. The reducing-valve system has
the advantage of allowing a remote pump location but requires the use of
additional components in the system {relief valve and sccumulator).

The experimental results show that linearized analysis provides an

adequate description of the system dynemic response. Of the three systems

tested, the reducing-valve system showed closest agreement with linear-
ized analysis and responded to the highest frequencies. The resgponse of
this system was adequate to 150 cycles per second and usable to 300

cycles per second.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronmeutics
Cleveland, Ohlo, February 9, 1955
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APPENDIX - DERIVATTON OF EQUATIONS

. Zero-frequency output impedance of throttle system (fig. 1). - In
steady state the output flow is equal to the flow through the throttle.
The output flow can then be expressed in terms of the throttle area and

the pressure drop across the throttle as
Qg = DA'{',(PS - PO) (1)
Differentiating equetion (1) with respect to
substitutions yield the output impedance at zero frequency:
&Py 2(Py - Py) (2)

B, %

Zero-frequency output impedance of reducing-valve system (fig. 3). -
For the case of regulation with small load error, the steady-state devi-
ation of the regulasted pressure difference acrosg the throttle that

corresponds to a change 1n valve ares is

2y (3)

APiJ:-K;{f—

and making suitable

The corresponding deviation in output flow is
dQg
29, = =, 4P (4)

The steady-state output flow mey be expressed as
Qo = DAp~/Py (5)
that are small compared with the steady-state value

If changes in Qg
are consldered, equation (5) yields

aQ,
Fie %—t- (6)

The steady-state output flow may be expressed by a second equation
(7}

Q = DAy VB - Px

Equation {7) yields
iz, - o1 (8)

dPy

kY dAv= Q‘o
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From equation (8),
Ay

M =
2p(p, - Pr)s/é

(9)

The chenge in P, and P, will be large compared with the deviation
of Py; hence, the relation

yields

&P ® AP (10}

Combining equations (3), (4), (6), (8), and (10) gives

io _ 4RALD(E, - p,.)3/2 ()
o KQ2
or
2, 4PghD(Py - Py - p,)3/? (12)
AQO ; KQ.g

Zero-frequency output impedance of bypass system (fig. 2). - For the

case of regulstion with small load error, the steady-state deviation of
the pressure dlfference across the throttle corresponding to a change
in control-valve areea is

KAA

APy =.APW (13)

The steady-state flow through the control wvalve is

@ =, VBT (14)

If changes in Q, that are small compared with the steady-state value
are considered, equation (14) yields

I

=

a, %

ae, 2D(P,, - Pd)3/2 (15)

3613
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From equation (15),
Q,
= - AP 6
DA, 20(e, - Pd)sjz T (18)

The change in P, and P, will be large compared with the deviation
of Pg; hence

AP % AP (17)

Equations (4) and (6) apply without change; therefore, combining equa-
tions (4), (6), (13), (15), and (17) yields

AP W - 3/2
e - = Dgi% = -
or
AP, 4P A WD(R, + Py - Pd)3/ 2
ZEO' = - R (oG =~ ) (19)

Dynamic characteristics of reducing-valve system (fig. 3). - If
small disturbances are considered, the instentaneous deviation of regu-
lated pressure from steady state may be written in terms of three prin-
cipal equations. One equation obtained from the steady-state flow

relations is
d_Pr dPo

A second equation which expresses the effect of the control valve on the
regulated pressure is

2, = (?;{)Av o+ (), o (21)

A

The third equation, expressing the force equllibrium (neglecting drag
and change in spring load.), is

/_\Pr=(%§)mo+%% (22)
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The equilibrium of flow into end out of chamber A (fig. 3) is

My + 80 - 22, =0

The equilibrium of flow inbo and out of chamber B (fig. 3) is

My - My - My =0

Noting that

2y = hyp
and

AAV = - Wi
then

Combining equations (20) and (24) yields

aPy. dPq dp,. 0
“r=\am ) e, )| o - \w, ) % =
Eliminating AP, between equations (22} and (28) gives

Ro = — Méyr o, + A,
Ap (BE

Substituting equation (29) into equation (22) gives

J I l+@ '+(£°-)
EINCIREA

Combining equations (21), (27), end (30) yields

(23)

(24)

(25)

(26)

(27)

(28)

(29)

L omn)

30)

K Tk Bd



e19¢

Cz-3
4

NACA TN 3445

From equations (23) and {24),

-
r aP,. r T
L \<M—“’)Av 5 (@)ﬂ (E@IE i (E;)Av |
@), | r
'5““/ Tt o
L.(E'ﬂ% 4o
From equation (33), the system damping ratio is
&
8 = (EQE'AV
NI ;@z—:)}
B E @)

M, -M =0

Substituting equations (29) and (31) into equation (32) yields

&p-

(33)

(34)
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Evaluating the derivatives gives the folloﬁing relations:

dPy ePy
(®)-<
dPo) 2(P, - Pg)

() -

(ng) ) 2D(P, ;OP?)alz

Qv

Substituting the derivatives into equation (34) yields

Noting that P, = P, + P, equation (39) becomes

PO-PC

1+
Pg - Py - P,

ZMwMo(PB - Pc)

i/2

AgPt(Ps - Py - Po)
In the case of the overdamped regulsastor in which

20

ool =

equation (33) reduces to

NACA TN 3445

(35)

(36)

(37)

(38)

(39)

(40)

3613
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en1 [(E) ]
L (a;)w L<§6‘_“)Av |

From equation (41) the characteristic time constant of the system is
oQ daq
o]

T = 2y 2p (a2)
L EE; Qy -

Substitubting the derivative into equation (42) gives

.= A (B - Py - Bp)

572 (43)

DW(PS - P, - P}

In the messless case there is no transient variation of Qi; therefore
equation (24) reduces to

M, = 8, (44)

Hence in the case of the massless piston, the output flow lags the
throttle gosition with a response characterized by the time constant <

(eq. (43)

Dynamic characteristics of bypsss system (fig. 2). - Considering
an ideal (leakless)} pump, the equations defining the instantaneous devia-
tion of the regulated pressure from steady state are identical with
thos? pi'tjaviously written for the reducing-valve system (eqs. (20), (21),
and (22)).

The equilibrium of flow into and out of chamber A (fig. 2) is
My + M, + L4, =0 (45)
The equilibrium of flow into and out of chamber B (fig. 2) is

M, - 49, - Moy = 0 (46)
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In the case of the bypass system,
M, = wx
Hence, '
LA, = —‘l'-ft at
B e

Combining equations (20) and (46) yields

4P, 4P, dp..
Fr=1\&@, ) *\&@, )| Bo ~\am, ) o
Elimineting AP, between equations (22) and (49) gives

M .

8, = T, 2, + 20,
A ——
(=)
Substituting equation (50) into equation (49) gives

e, =% l+-(i£_;)- '+(-d—P—9)
Y (dPr)AQP 34,/ o

——

day

Combining equations (21), (48), and (51) yields

From equations (45) and (46)
My + Mq, =0

NACA TN 3445

(47)

(48)

(49)

(50)

(51)

3613
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Substituting equations (50) and (52) into equation (53) yields

& (=) |
L. g— 1+°+lz:ép+1+———-—mp-
 EleEt e
R
Bola, o
LY
L(EJ)AV 1
From equation (54), the system damping ratio is
)
{l A
‘ (=),
| R
2 | M ) L L PR i
: @zy%{(fr) Bl
Evalusting the derivatives and noting that Q, = Qy - Q, give
(EE:;_) _ 2(Py - Py)
B, " %

_ -2D(Py - py)3/2

Q’G'Qo

21

(54)

(55)

(56)

(57)
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Substituting equations (35), (36), (56), and (57) into equation (55)

gives
P, - P
)
8 = - _ (s8)
2MD(P,, - Pd)l/2 W (g - Q) (Py - Pal
AS §; +~z§;—:j557 1+ ———§;———-
or

P -P QG
0 C
1+ _— -
(PO+Pt - Pa \&g )
S = (59)

ZMWD[%(PC - Pg) + Qg(P, + Py - Bg)|
AR (P + P, - Pd)l/z

In the case of the. overdamped system in which

1]

M
— =20
A2

equation (54) redices to

K (dPo. . l—<a]?r) ]
'ofcz_) AT
1+"a'P'o AQ’P-(BP)QV-A% My =0 (60)
From equation (60) the characteristic time constant of the system is
['(aPr) . [E0)]
=), (@)
v = | (61)

T= (arr) W
L\

3613



cToe

<

NACA TN 3445 23
Substituting the derivatives into equation (61) gives

= “p Py + By - Pg + (P, - (89—39] 62)
* DW(P0+Pt-Pd)3f2[O+ 6" Fat o - Rol\g ¢

In the massless case there is no transient variastion in Q; therefore
equation (46) reduces to

09, = 0, (3)

Hence in the massless case the output flow lags the throttle position
with a response characterized by the time comstant < (eq. (62)).

Compressibility time constent of throttle system (fig. 1). - If
small disturbances are consldered, the instantaneous deviation of the
output pressure from steady state in the conduilt between the throttle
and the discharge orifice is defined by the following independent
equations:

ap
AP, = - d—Qf o, (64)
ap, _
4P, = '&'Q_o 8, (65)
B
AP = - % AV (68}

The change in volume 4V 1s related to the compressibility flow by the
following relstion: '

t
av = f 20,3t (87)
(o}

Hence equation (66) mey be written as
B A7
LBy = -5 \[ 20,8 (e8)

The equilibrium of flow into and out ~° the conduib is

My -9, -/ =0 (69)
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Combining equations (64), (65), (66), and (69) yields an equation of

the following form:

TR, + MRy =0

() E
(&) (&)

where

[

<
it
i<

Evaluating the derivatives gives the following reletions:

ar, _ a(Pg - P,)

49 %
d'PO 2 (PO - PC)
on QO

Substituting the derivatives into equatlon (71) gives

av(Py - Po)(P, - Pyl
Te T T B(P, - Bg)

(70)

(71)

(72)

(73)

(74)

Substituting equation (2) into equation (74) yields the following:

AP,
(ZE;;) Qv

T, = g
c (Ps - Pa)B

(75)

Compresgibility time constant of bypess and reducing-valve gystems

(figs. 2 and 3). - Based on the assumption that fluid compressibility in

the condult between the throttle and the discharge orifice does not

affect the motion of the bypass valve (or reducing valve), the eguations

of the dynamic equilibrium in the conduit are the same as those in the
case of the throttle system. At frequencies below the bresk frequency,
defined by the characteristic time constant of the bypass system (or

reducing-valve system), the effective value of the derivative dPO/th
is the value of the zero-frequency oubput Ilmpedance. In thig case the
value of dP,/dQy mey be considered to be infinite, and equation (71)

reduces to

3613
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(&)
___d_Q_o_. (76)

c ™ TR
Substituting equation {75) into equetion (76) gives

T

2v(P, - Pa)

T, = BG, (77)

REFERENCE
1l. Gold, Harold, end Otto, Edward W.: An Analytical and Experimental

Study of the Transient Response of & Pressure-Regulating Relief
Valve in a Hydraulic Circuit. NACA TN 3102, 1954.



NACA TN 3445

26

Throttle
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LEngine nozzle system
(a) Schematic disgram.
Supply pressure; Ps
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?
% Output pressure, Po
&
Combustion-
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pressure, PC —
gutput flov, Qo

(b) Pressure-flov cheracteristics.
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Figure 1l. - Schematic dlagram snd basic gteady-state cheracteristics of throttle

with regulated upstresm pressure.
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(&) Schematic diagram.
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Output flow, Qo
(b) Pressure-flow characteristics.
Pump pressure-flow
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Figure 2. - 8chemsatic

Output flow, Q,(')
(c)} Output-impedance characteristics.

diagram and basic characteristics of throttle plus bypass

differential-pressure regulator.



28

Pressure, P

Combustion-

chamber pressure, P,

c

P
o

Output pressure,

NACA TN 3445

Vs Throttle

| ~Throttle
servomotor

A
Engine nozzle systen

(a) Schematic diagram.

= Supply pressure, Ps

Reducing-valve
pressure drop

Output pressure, Po

Throttle pressure drop

Output flow, Qo

(v) Pressure-flow cheracteristics.

——-————————— — ﬁ‘.lPPly pressure, PB
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throttle

area - Nozzle-~systen

- characteristic
L 4 -
- -
- -~
-
- -
-
=
5

Output flow, Qo

(c) Output-impedance characteristics.

Figure 3. - Schemetic diegram and basic characteristics of throttle plus reducing-
valve differential-pressure regulator.

Regulated pressure, Pr
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Figure 4. - Frequency-response characteristics of throttle-shaft servomotor.
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Figure 5. - Apparatus used in investigation of steady-
fuel controls.. & B

state and dynamic characteristics of throttle-type

‘. 3613

og

S¥P2 NI WOVN



cT9¢

NACA TN 3445 3l

J Input voltage

Throttle-shaeft position

0.01 Sec

IAMAAN NN Time ——»

(ai Transient response. Initial fuer flow, 4000
pounds per hour; final fuel flow, 5000 pounds
per hour.

Figure 6. - Throttle system.
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Output pressure, P , 1b/sq in.
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-

(a) Trensient response. Initial fuel flow, 6000
pounds per hour; final fuel flow, 7500 pounds
per hour.

Figure 7. -~ Throttle plus bypass system.
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Figure 7. - Continued. Throttle plus bypass system.
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Throttle-shaft
position

Output pressure, Po

0.01 Sec

Time | ——»

(a) Transient response. Initisl fuel flow, ZOCO
pounds per hour; final fuel flow, 2500 pounds

per hour.

Figure 8. - Throttle plus reducing-valve system.
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(b) Frequency response.

Figure 8. - Continued. Throttle plus reducing-valve systen.
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(c) Output-impedance characteristics.

Figure 8. - Concluded.

Throttle plus reducing-valve system.
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